ABSTRACT We examined web-building spider species richness and abundance in forests across a deer density gradient to determine the effects of sika deer browsing on spiders among habitats and feeding guilds. Deer decreased the abundance of web-building spiders in understory vegetation but increased their abundance in the litter layer. Deer seemed to affect web-building spiders in the understory vegetation by reducing the number of sites for webs because vegetation complexity was positively correlated with spider density and negatively correlated with deer density. In contrast, the presence of vegetation just above the litter layer decreased the spider density, and deer exerted a negative effect on this vegetation, possibly resulting in an indirect positive effect on spider density. The vegetation just above the litter layer may be unsuitable as a scaffold for building webs if it is too ßexible to serve as a reliable web support, and may even hinder spiders from building webs on litter. Alternatively, the negative effect of this vegetation on spiders in the litter may be as a result of reduced local prey availability under the leaves because of the reduced accessibility of aerial insects. The response to deer browsing on web-building spiders that inhabit the understory vegetation varied with feeding guild. Deer tended to affect web-invading spiders, which inhabit the webs of other spiders and steal prey, more heavily than other web-building spiders, probably because of the accumulated effects of habitat fragmentation through the trophic levels. Thus, the treatment of a particular higher-order taxon as a homogeneous group could result in misleading conclusions about the effects of mammalian herbivores.
Large mammalian herbivores can alter the structure and functioning of terrestrial ecosystems by browsing, grazing, and trampling (Pastor et al. 1993 , Cô té et al. 2004 . They also indirectly affect invertebrate communities in a negative or positive manner, depending on microhabitats of the invertebrates (Suominen et al. 2003, Suominen and Dannell 2006) . Invertebrates that use vegetation for habitat, food, or both are often negatively affected by mammalian browsing or grazing (Baines et al. 1994, Rambo and Faeth 1999) , whereas the effects on ground-dwelling invertebrates may be negligible (Allombert et al. 2005 , Warui et al. 2005 or positive (Suominen et al. 1999b , González-Megṍas et al. 2004 ). The trophic level to which an organism belongs may also determine the degree of effect. For example, Allombert et al. (2005) showed that browsing by black-tailed deer [Odocoileus hemionus (Cervidae)] reduces the abundance of herbivorous insects but has little effect on predators because predators consume a wide variety of invertebrates, including those that enter from other ecosystems. In contrast, parasitoids are affected more severely than are herbivorous insects, probably because of the accumulated effects of habitat fragmentation through the trophic levels (Tscharntke 1997 , Kruess and Tscharntke 2002 , Gripenberg and Roslin 2007 .
Mammalian herbivores have negative effects on web-building spiders, which are ubiquitous predators in terrestrial ecosystems (Gisbon et al. 1992a , Warui et al. 2005 . Because spider species exhibit various degrees of foraging specialization and microhabitat selection, we expect their responses to habitat modiÞcation to vary as well. Miyashita et al. (2004) found that sika deer browsing reduced the species richness and abundance of webbuilding spiders in the understory vegetation of cedar forest by decreasing the availability of sites for webs. However, they examined only vegetation-dwelling spiders in one type of forest.
We examined the species richness and abundance of web-building spiders across a gradient of sika deer [Cervus nippon (Cervidae)] densities on Boso Peninsula, central Japan, to determine the differential effects of deer on spiders among forest types, microhabitats, and feeding guilds. The two types of forest examined, i.e., cedar plantation and natural broadleaf forest, occupied a signiÞcant portion of the study area. Because the effects of deer on understory vegetation are generally greater in broadleaf forest than in cedar forest , we expected spiders in broadleaf forest to be more severely affected than those in cedar forest. We examined two microhabitats: understory vegetation (hereafter vegetation habitat) and the litter layer (hereafter ground habitat). We expected the species richness and abundance of webbuilding spiders to decrease in the vegetation habitat and remain unaffected in the ground habitat with increases in deer density. There were four spider feeding guilds in the vegetation habitat: theridiid, web-invading spiders, large orb-weavers, and small orb-weavers. The spiders in theridiid guild makes three-dimensional webs between large branches and trunks of canopy trees and feeds on ground-dwelling invertebrates such as ants. The web-invading guild inhabits webs of other species, stealing prey caught in the web and sometimes feeding on the host spider. Because this guild occupies a higher trophic level than other web-building spiders, we expected this guild to be more heavily affected by deer than other webbuilding spiders. The large and small orb-weaving guilds were deÞned as spiders with body sizes Ն5 and Ͻ5 mm, respectively. The classiÞcation into feeding guilds by body size seems reasonable because body size largely determines the maximum prey size that can be caught by web-building spiders (Shimazaki and Miyashita 2005) .
Because web-building spider populations are generally limited by the availability of both sites for webs (Schaefer 1978 , Riechert 1981 and prey (Wise 1975 , Spiller 1984 , Miyashita 1992 , we hypothesized that changes in the understory vegetation structure by deer browsing indirectly affect web-building spiders through changes in web site and prey availabilities. We evaluated the effects of deer on spiders and explored which of the two limiting factors (i.e., web sites or prey or both) affected spiders in each forest type, microhabitat, and feeding guild.
Materials and Methods
Study Area. The study was conducted on the Boso Peninsula in Chiba Prefecture, central Japan (35Њ N, 140Њ E). The annual precipitation was 2,000 Ð2,400 mm, and mean monthly temperatures in midwinter and midsummer were Ϸ6. (Takada et al. 2002 .
We selected 13 cedar and 10 broadleaf sites in areas that differed in deer density but had similar environmental conditions. There was no relationship between deer density and the basal area of canopy trees (cm 2 / m 2 ) in either forest type (cedar: r ϭ 0.27, F 1,10 ϭ 0.81, P ϭ 0.39; broadleaf: r ϭ Ϫ0.07, F 1,9 ϭ 0.04, P ϭ 0.84). We estimated the deer density (/km 2 ) in each study forest as follows; Miyashita et al. (2008) and studied the number of deer fecal pellets across the Boso Peninsula during the winter from 1996 to 2004. Because the density of fecal pellets showed a high correlation with local deer density (/km 2 ) as estimated using a block counting method (Asada and Ochiai 2007) , we converted the total number of fecal pellets divided by the search area and by census times to deer density using the regression line in each study forest. Therefore, the index reßects the effects of the current deer density and the duration of deer browsing from 1996 to 2004.
Field Observations. We surveyed web-building spiders, understory vegetation structure, and aerial insects on Þne or cloudy days in May 2005, at which time most web-building spiders were adults. For the vegetation habitat survey, we established two strip transects (20 by 2 m) and recorded the number and species of web-building spiders observed within 2 m above the ground. Juveniles were identiÞed only to genus. Because web-building spiders almost always have webs on Þne or cloudy days, visual observation can cover most of the species inhabiting the forests except for some nocturnal species (Lubin 1978 , Greenstone 1984 , Harwood et al. 2001 . We counted only webs in which spiders were present because spiders are known to leave their webs in active pursuit of prey (Schü tt 1995) or abandon their web sites (Samu et al. 1996) in search of more proÞtable hunting grounds (Vollrath 1985, Gillespie and Caraco 1987) .
Vegetation architecture that might reßect the availability of sites for webs was estimated as follows ). We randomly chose eight points along each transect and rotated a 1-m-long stick horizontally around each point at both 1 and 0.5 m above the ground. We counted the number of vegetation components (branches, trunks, and leaves) that touched the stick and averaged them across the eight points. The sum of the average at 1 m and that at 0.5 m was used as an index of web site availability (hereafter twig number). This index may be reasonable because most actual web supports consist of plant parts that are located Ͼ0.2 and Ͻ1.5 m from the ground (unpublished data). To estimate prey availability, we deployed eight sticky traps (10 by 10 cm) at a height of 1 m in each forest for 1 wk and measured the body length of invertebrates captured by the traps. Arthropod body mass was calculated as mass ϭ 0.0305 ϫ (body length) 2.62 (Rogers et al. 1976 ).
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For the ground habitat survey, we established 15 quadrats (50 by 50 cm) at random locations on the ground in each forest and counted all spiders that built webs on the litter surface. To estimate the number of webs of spiders as precisely as possible, we misted them with water using an atomizer. As an estimate of web site availability, we measured litter thickness at 10 randomly selected points in a quadrat because spiders on the litter layer often construct webs on litter that has a rough structure (Uetz 1991, Takada and . We also measured the percentage cover of monocotyledons, dicotyledons, and ferns Ͻ0.2 m in height. One sticky trap was established vertically in each quadrat on the ground and left for 1 wk. Prey availability was estimated as described for the vegetation habitat.
Data Analyses. We evaluated the effects of deer density on the species richness and density of webbuilding spiders, identiÞed the factors limiting webbuilding spiders, and evaluated the effects of deer on the factors limiting web-building spiders at both the microhabitat and feeding-guild levels. All statistical analyses were performed using S-Plus version 6.1 (Insightful 2002) .
Microhabitat-level Analyses. To evaluate the effects of deer density on the density of web-building spiders in each microhabitat, we performed Poisson regression analyses using deer density as an independent variable because the dependent variable is count data. We conÞrmed the signiÞcance of the parameter by checking whether residual deviance was signiÞcantly reduced in reducing the parameter with a 2 test. We tested the effect of deer density on species richness standardized with rarefaction (Gotelli and Graves 1996) by a simple linear regression. For the analyses of ground habitat, litter depth was added to the regression models as a confounding factor because it seemed to affect spiders independent of deer density.
We investigated the limiting factors for spiders using Poisson regression models, with web site and prey availabilities as independent factors. Web site availability consisted of one variable (twig number) in the of fern, dicotyledon, and monocotyledon cover) in ground habitat. In cedar forest, the Þrst PC (variance explained ϭ 47.85%) was positively correlated with dicotyledon cover (eigenvector ϭ 0.69) and the second PC (variance explained ϭ 32.05%) was negatively correlated with monocotyledon cover (eigenvector ϭ Ϫ0.80) and positively correlated with fern cover (eigenvector ϭ 0.61). In broadleaf forest, the Þrst PC (variance explained ϭ 67.95%) was positively correlated with monocotyledon cover (eigenvector ϭ 0.61) and dicotyledon cover (eigenvector ϭ 0.58); the second PC (variance explained ϭ 20.60%) was positively correlated with fern cover (eigenvector ϭ 0.82).
Model selection was performed by stepwise elimination of variables using the Akaike information criterion (AIC), and the signiÞcance of the selected model was tested using a 2 test mentioned above. For the analyses of ground habitat, litter depth was added to the regression models as a confounding factor because it seemed to affect spiders independent of vegetation cover. Prey biomass and litter depth were not correlated strongly both in cedar forest (t 11 ϭ Ϫ2.174, P ϭ 0.054) and broadleaf forest (t 9 ϭ Ϫ0.387, P ϭ 0.709).
To examine the effect of deer on the limiting factor(s) selected by the above analyses, we performed simple linear regression with deer density as an independent factor.
Feeding Guild-level Analyses. To examine the effects of deer on spider density in each of the four feeding guilds, we performed Poisson regression analyses with deer density as an independent variable. To determine the limiting factors for each guild, stepwise Poisson regression analysis was performed with web site and prey availability as separate factors. For the analysis of the web-invading guild, we added the densities of the other three guilds as independent variables because web-invading spiders inhabit the webs of other spider species. Finally, to examine the effect of deer on each limiting factor, we performed simple linear regression with deer density as an independent variable.
Results
In total, 1,248 individuals and 44 species of webbuilding spiders were recorded (Table 1) . Dominant species in the vegetation habitat were Leucauge sp.(Tetragnathidae) and Turinyphia yunohamensis (Bö senberg and Strand, 1906) (Linyphiidae) in the large orb-weaving guild, Cyclosa sedeculata (Karsch, 1879) (Araneidae) in the small orb-weaving guild, Spheropistha miyashitai (Tanikawa, 1998) (Theridiidae) in the web-invading guild, and Achaearanea culicivora (Bö senberg and Strand, 1906) (Theridiidae) in the theridiid guild. Dominant species in the ground habitat were Mysmena jobi (Kraus, 1967) (Mysmenidae) and Neriene brongersmai (Helsdingen, 1969) (Linyphiidae).
Spider Communities in Different Microhabitats. In cedar forest, both the density and species richness of web-building spiders decreased with increasing deer density in the vegetation habitat (Table 2 ; Fig. 1a) . Twig number and prey biomass were positively and negatively related to spider density, respectively, but were not related to species richness (Table 3) . Deer only exerted a negative effect on twig number (twig number: parameter estimate ϭ Ϫ0.471 Ϯ 0.133 [SE], t 11 ϭ Ϫ3.54, P ϭ 0.005; prey biomass: parameter estimate ϭ 0.401 Ϯ 0.196, t 11 ϭ 2.04, P ϭ 0.066). In ground habitat, spider density was positively inßuenced by deer density and litter depth, but species richness was unrelated to both of these variables (Table 2; Fig. 1b) . Spider density decreased with an increase in the Þrst PC, which was positively correlated with vegetation cover Ͻ0.2m in height, and increased with increasing prey biomass and litter depth (Table 3) . Deer reduced the Þrst PC (parameter estimate ϭ Ϫ0.124 Ϯ 0.032, t 11 ϭ Ϫ3.83, P ϭ 0.003) but did not inßuence prey biomass (parameter estimate ϭ 0.361 Ϯ 0.278, t 11 ϭ 1.30, P ϭ 0.220) or litter depth (parameter estimate ϭ Ϫ0.036 Ϯ 0.035, t 11 ϭ Ϫ1.04, P ϭ 0.319).
In broadleaf forest, neither the species richness nor density of web-building spiders was related to deer density in either the vegetation or ground habitat (Table 2 ; Fig. 2 ). Spider density was explained by twig Fig. 3 ). The density of the large orbweaving guild was positively related to twig number and negatively to prey biomass (Table 5 ). The density of the small orb-weaving guild was also explained by prey biomass (Table 5 ). The density of the web-invading guild increased with increasing densities of the large orb-weaving guild and with decreasing small orb-weaving guild density and prey biomass (Table 5 ). The theridiid guild density was explained by twig number and prey biomass (Table 5) . ) and spider density and species richness (standardized with rarefaction) in each microhabitat in cedar forest. SigniÞcant regression lines are also shown. In ground habitat, we added litter depth as a confounding factor (see text). Regression planes are drawn to Þgure out these three variables visually. We tested the effects of the limiting factors on species richness standardized with rarefaction. For the analyses of ground habitat, litter depth was added to the model as a confounding factor.
In broadleaf forest, deer reduced the density of the large orb-weaving guild (Table 4 ; Fig. 3 ). The densities of the large and small orb-weaving guilds were positively related to twig number, whereas the theridiid guild was not inßuenced by any of the tested factors (Table 5) . We did not observe any web-invading spiders in broadleaf forest.
Discussion
In vegetation habitat of cedar forest, both the species richness and abundance of web-building spiders decreased with increasing deer density. Because there was a negative relationship between spider abundance and prey biomass, a bottom-up effect could not explain the differences in spider richness or abundance. In contrast, there was a positive relationship between the index of web site availability and spider abundance, and there was a negative relationship between web site availability and deer density. Thus, deer seemed to affect web-building spiders by reducing the availability of web sites, which is consistent with the results of Miyashita et al. (2004) . The negative relationship between spider abundance and prey biomass may result from top-down effects of the spiders on prey (Miyashita and Takada 2007).
In ground habitat of cedar forest, however, webbuilding spider abundance increased with increasing deer density and litter depth. The positive effect of deer did not seem to be caused by the change in prey availability because they were unrelated. Spider abundance increased with decreasing vegetation cover; ) and spider density and species richness (standardized with rarefaction) in each microhabitat in broadleaf forest. In ground habitat, we added litter depth as a confounding factor (see text). Regression planes are drawn to Þgure out these three variables visually. (Jones et al. 1997 , Suominen 1999 , Melis et al. 2006 . Web-building spider abundance is generally lower where large mammals are more abundant in grasslands (Gibson et al. 1992b , Warui et al. 2005 ) and forests (Suominen et al. 1999a , likely because of the removal of vegetation that is important for supporting webs (Uetz 1991 , Halaj et al. 2000 . To our knowledge, this is the Þrst evidence of a negative effect of vegetation on web-building spiders. We found no relationship between spider species richness or abundance and deer density in either microhabitat in broadleaf forest. However, spider abundance was positively correlated with twig number in vegetation habitat and negatively correlated with vegetation cover in ground habitat, and both of these variables were reduced by deer. These patterns were statistically signiÞcant in cedar forest, suggesting indirect negative and positive effects of deer on spider abundance in vegetation and ground habitats, respectively. One explanation for why we did not detect the effects of deer on spider abundance may be type II error because there were fewer study sites in broadleaf forest (n ϭ 10) than in cedar forest (n ϭ 13). Another explanation in vegetation habitat may be the difference of the proportion of large orb-weaving guild that was inßuenced by deer (see below) between forest types.
In vegetation habitat, the response of web-building spiders to deer browsing varied among feeding guilds. A reduced density of the large orb-weaving guild where deer are abundant may be caused by browsing reducing the availability of web sites. This is suggested by Þnding the large orb-weaving guild density was positively inßuenced by twig number in both forest types. In contrast, we did not Þnd clear spiderÐveg-etationÐ deer relationships in the small orb-weaving and theridiid guilds in either forest type. The small orb-weaving and theridiid guilds may be somewhat insensitive to the simpliÞcation of vegetation structure because the former can build webs within even a single shrub and the latter often build webs in larger branches and trunks of canopy trees that deer cannot browse, whereas the large orb-weaving guild may require scaffolds that consist of more than a single shrub or tree (Gibson et al. 1992a .
Deer also decreased web-invading guild density in cedar forest. The reduction in large orb-weaving guild density by deer browsing may trigger this decrease in web-invading spiders because the two guilds were positively related. The regression coefÞcient between deer density and the web-invading guild tended to be higher than that between deer density and the large orb-weaving guild (Table 4 ; Fig. 3 ). This may suggest that deer had a greater effect on the web-invading guild than on the large orb-weaving guild because of the accumulated effects of habitat fragmentation through trophic levels, which supports our a priori hypothesis. Web-building spiders are exposed to high predation risk during movement when seeking new web sites (Lubin et al. 1993, Takada and , but often relocate their webs in response to local variation in food supply (Olive 1982 , Vollrath 1985 , Gillespie and Caraco 1987 , Tanaka 1989 or disturbance such as web destruction by wind, rain, or litter fall (Hodge 1987 , Leclerc 1991 . Thus, the risk of mortality during movement for the web-invading guild is likely to be higher where deer are more abundant because the distance to a new web may be greater because of the reduced occurrence of webs belonging to the large orb-weaving guild. Similar greater effects on higher trophic levels of habitat fragmentation via mammalian foraging have been described for a food chain consisting of herbivorous insects and wasps (Tscharntke 1997, Kruess and Tscharntke 2002, Vanbergen et al. 2006) .
Our results suggest various degrees of effects on web-building spiders across gradients of deer density. Because sites with high deer density were located at the center of the deer distribution, it was not possible to separate the effects of spatial autocorrelation and deer browsing. Nevertheless, our results did not seem to be from environmental gradients other than deer because the basal area of canopy trees was not correlated with deer density. Although causality remains unclear, our methods would be advantageous in exploring the effects of mammalian herbivores on invertebrates over large spatial scales (Allombert et al. 2005, Suominen and Danell 2006) . The effects of deer on web-building spiders varied with forest type, microhabitat, and feeding guild. Interestingly, web-building spider abundance in the two microhabitats showed opposite responses to deer density, suggesting that the treatment of a particular higher-order taxon as a single homogeneous group can result in misleading conclusions about the effects of mammalian herbivores. In assessing the effects of mammalian herbivores on invertebrates, both microhabitat characteristics and the guild structures of the invertebrates should be considered.
